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The helical sense and elongation of a helical polymer that bears the 4-ethynylanilide of ( R )- α–methoxy- α- 
phenylacetic acid [m-( R )- 1 ] can be tuned by the action of the two components of tetraalkylammonium- 
anion salts. Thus, while the supramolecular PPA-anilide/anion interaction creates a chiroptical switch, 
inducing either P or M helical senses in the poly(phenylacetylene) (PPA) depending on the nature of 
the anion —P helix: fluoride ( F −) or cyanide (CN −); M helix: acetate (OAc −), benzoate (OBz −) or azide 
(N 3 −)—, deprotonation of the anilide group by these anions in dry conditions makes it possible to play 
with the elongation of the PPA, depending on the size of the tetraalkylammonium group, which results 
in a colorimetric switch. Thus, a color change from yellow to deep red is obtained by deprotonation of 
the anilide group when a tetraabutylammonium salt is used, while yellow/light-red and yellow/orange 
color changes are obtained when the size of the tetraalkylammonium group is reduced. Structural and 
mechanistic studies confirm that the color change occurs when the counterion accommodates itself close 
to the pendant group once the anilide hydrogen is removed. This PPA/tetraalkylammonium association 
is responsible of elongation changes in the PPA and therefore on the conjugation of the polyene backbone 
that is accompanied with color changes. Moreover, this colorimetric switch also operates in the solid state 











Chiral PPAs are dynamic helical polymers constituted by a flexible
polyene backbone that adopts a helical scaffold stabilized by
supramolecular and/or steric interactions among the pendants.
[1-37] The addition of external stimuli —cations, anions,∗ Correspondign author. 
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https://doi.org/10.1016/j.giant.2021.100068 temperature, pH, polarity— to a solution or to a film of the
polymer can alter those interactions and produce variations in the
helical folding —chiral amplification, helical enhancement, helix
inversion and/or elongation changes—. Variations on the helical
sense folding can be easily monitored through changes in the
ECD spectra, while elongation changes (compression/stretching)
are accompanied with hypsochromic or bathochromic shifts in
the UV–Vis spectra, which can also produce color changes in license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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he polymer solution or film due to variations in the polyene
onjugation. 
Until now, the structural changes produced in a helical
olymer are due to the interaction between a single stimulus and
he polymer, where variations in helical sense and elongation 
ccur at the same time by the action of the stimulus employed. In
iterature no examples are found about the selective manipulation 
f the helical sense or elongation of a helical polymer by the two
ounterparts of a single stimulus such as tetraalkylammonium- 
nion salts. 
Thus, Kakuchi’s research group [38-46] studied the stimuli- 
esponsive behavior of a PPA series containing different acidic 
onnectors —urea, sulphonamide, benzamide—. They found 
hat the addition of anions to a PPA solution produces a
upramolecular interaction between the anion and the acidic 
ydrogen of the PPA, which leads to structural changes easily
onitored by CD or UV–Vis spectroscopies. In this case, they
bserved a relationship between the size of the anion and the
olor change of the polymer solution —larger anions produced 
reater red-shifts in UV–Vis— indicating that the polymer had 
ncreased conjugation. Hence, the stretching of the chains is due
o the accommodation of the anions between the pendants of the
elical turns, which results in an elongation of the helical scaffold.
44] As a result, the change of the helical sense and elongation of
he polymer is produced just by a single stimulus, the anion. 
Herein, we will demonstrate that it is possible to prepare
 dual chiroptical and colorimetric switch by a two-step 
nteraction between a PPA —with anilide linkages between 
endants and the helical scaffold— and the two components 
f a tetraalkylammonium-anion salt. Thus, while the PPA 
nilide/anion interaction will produce a chiroptical switch —P or 
 helix induction in the polymer depending on the anion used—
 a colorimetric switch will be generated by further addition of
he salt, which carries out the deprotonation the polymer by the
nion, and where a new PPA/tetraalkylammonium ion interaction 
ill generate modifications in the PPA elongation associated to 
olor changes ( Scheme 1 ). 
This color change concomitant with anilide deprotonation is 
chieved by all PPA/salt pairs at different temperatures, thereby 
unctioning as colorimetric thermometers. 
The mechanism of the PPA-anion recognition process 
esponsible of the chiroptical switch and the crucial role 
hat cation size plays in generating a color switch based on
hese PPA/anion salt pairs is studied in detail throughout this
anuscript. 
 Results and discussion 
.1 Design and synthesis of monomers and polymers 
o carry out the PPA/anion interaction studies, we chose 
wo polymers as model compounds —poly- 1 and poly- 2 —.
hus, poly-( R ) −1 bears the 4-ethynylanilide of ( R )- α–methoxy-
-phenylacetic acid (MPA) as pendant [29-35] ( Fig. 1 a), while
oly-( R ) −2 carries the 4-ethynylanilide of ( R )- α–methoxy- α-
rifluoromethylphenylacetic acid (MTPA) [36-37] ( Fig. 1 a). These 
wo PPAs are chiral, with well-known helical structures and 
timuli-responsive properties, but with different dynamic helical 
ehaviors. For these reasons, poly-( R ) −1 and poly-( R ) −2 were 
esigned to explore the chiroptical response to the presence of 
nions and to the anilide-anion interaction mechanism. 
.2 Stimuli-responsive properties of monomers with different 
etra-n-butylammonium salts 
efore the stimuli response properties of poly-( 1 –2 ) were
xamined, the interaction of the corresponding monomers 
m-( R ) −1 and m-( R ) −2 ( Fig. 1 b) — with different tetra -n-
utylammonium salts of different anions (TBAA) −A = CH 3 CO 2 −
acetate), C 6 H 5 CO 2 − (benzoate), N 3 − (azide), CN − (cyanide) and 
 
− (fluoride)— were studied by different structural techniques 
uch as UV–Vis, Nuclear Magnetic Resonance (NMR) and Circular 
ichroism (CD) to shed light on the anilide-anion interaction 
echanism. All experiments were performed in dry THF to avoid 
nterference from water (see SI for details). We will show in the
ain text the results obtained for the m-( R ) −1 /TBAF pair ( Fig. 2 a),
hile those of the other monomer/anion pairs are fully described 
n the SI (Figures S12-S15). 
A dry THF solution of monomer m-( R ) −1 (3.772 •10 −4 M)
hows a UV–Vis band centered at 270 nm ( Fig. 2 b), with a positive
otton effect at the same wavelength (270 nm) in the ECD
pectrum indicating that the MPA fragment has the carbonyl 
nd methoxy group ( O = C —C –OMe) oriented antiperiplanar (ap
onformation). Adding 1 to 5 equivalents of a dry THF solution
f TBAF (0.382 M) to the monomer solution (3.772 •10 −4 M)
roduced a 13 nm bathochromic shift of the UV–Vis band 
entered at 270 nm. This shift was accompanied by an inversion
f the Cotton band in the ECD spectrum —monomer ( R ) −1
D 270 ( + ); monomer ( R ) −1 /TBAF CD 283 (-)— ( Fig. 2 a, b). In
urn, this inversion is associated with a conformational change 
n the MPA moiety and the formation of a hydrogen bond
etween the fluoride anion with the acidic hydrogen of the anilide
roup. Consistent with this association, a strong deshielding 
ffect is observed for the anilide proton in the corresponding 
MR spectrum (see Figure S16). This conformational change was 
lso observed in the rest of the m-( R ) −1 /anion pairs studied
anion = N 3 −, CN −, CH 3 CO 2 −and C 6 H 5 CO 2 −), confirming that
he supramolecular anilide/anion interaction is accompanied in 
ll cases by a conformational change from antiperiplanar ( ap ) to
ynperiplanar ( sp) in the (O –C)—( C = O ) bond of the pendant. 
This result corroborates that m-( R ) −1 can be considered as
n ON/OFF chiroptical switch for this supramolecular interaction 
 Fig. 2 d). Subsequent additions of TBAF (20 to 50 equiv) showed
he disappearance of the UV–Vis band of the monomer at 283 nm
nd the growth of a band centered at 330 nm, which is associated
ith a negative Cotton band in the ECD spectrum ( Fig. 2 b, d).
his large bathochromic shift —50 nm— is indicative of the 
ffective deprotonation of the anilide group by the fluoride anion 
onfirmed by NMR in the m-( R ) −2 /TBAF pair by the presence of a
eak at ~16.1 ppm corresponding to the HF 2 − species (Figure S20).
47-53] 
Among the different anions investigated, only fluoride ( F −) can
eprotonate the anilide group of the two monomers, m-( 1–2 ),
lthough different amounts of this anion are needed in each case
epending on the acidity of the anilide group (see SI). For instance,
 equiv of F −are enough for a complete deprotonation of m-( R ) −2 ,
hose anilide group is activated by the presence of a CF 3 electron












Step1 : Supramolecular PPA/Anion Interaction (H-Bond)
anion 1anion 2
P/M Chiroptical Switch
depends on the anion





Colorimetric Switch: the elongation of the PPA depends on the size of the cation
Scheme 1 
Schematic illustration of a two-step chiroptical and colorimetric switch. 
Fig. 1 
Structures of (a) monomers m-( R ) −1 , m-( R ) −2 and (b) polymers poly-( R ) −1 , 









































withdrawing group, while in the case of m-( R ) −1 a large excess of
more than 10 equiv is necessary to fully deprotonate it (see ESI).
The higher acidity of m-( R ) −2 makes its deprotonation possible
by the other anions (i.e., N 3 −, CN −, CH 3 CO 2 − and C 6 H 5 CO 2 −),
whereas the addition of these anions to a the less acidic monomer,
such as m-( R ) −1 , leads only to the supramolecular anilide/anion
interaction without deprotonation ( Figs. 2 d and S12-S15). 
2.3 Stimuli-responsive properties of poly- 1 and poly- 2 with 
different tetra-n-butylammonium salts 
Having disclosed the two-step interaction process (complexation
and deprotonation) associated with the anilide/anion pair for the
monomers (m- 1 to m- 2 ), we turned our attention to the behavior
of the corresponding polymers in the presence of the anions.
Thus, monomers m-( R ) −1 and m-( R ) −2 were polymerized using
[Rh(nbd)Cl] 2 as catalyst (nbd = 2,5-norbornadiene), affording the
corresponding PPAs [poly-( R )-( 1 –2 )] in good yields and with highcis double bond content (see SI for full details). UV–Vis and
CD titrations of the solutions in dry THF of poly-( R )-( 1 –2 ) were
carried out by adding different TBAA salts −A = N 3 − (azide),
CN − (cyanide), CH 3 CO 2 − (acetate), C 6 H 5 CO 2 − (benzoate) and F −
(fluoride)— prepared in the same solvent. During the titrations,
a color change from yellow to red was observed in some of the
PPA/TBAA pairs, but interestingly, the anion responsible for this
color change was not always the fluoride anion −as could be
presumed from the previous results with the monomers − ( Fig. 3 ).
For instance, a colorimetric response is produced in poly-( R ) −1 by
TBAA salts containing carboxylate groups (acetate and benzoate),
while in the case of poly-( R ) −2 , the TBAA salts containing fluoride
or cyanide anions are those that produce a strong color change in
the solution ( Figs. 3 and S21-S24). 
These differences in the response properties of the different
PPAs —poly-( R ) −1 , poly-( R ) −2 —to stimuli of the TBAA salts, and
between monomers and polymers, are a clear indication that both
the polymeric character (cooperativity) and the helical structure
adopted by each PPA play an important role in the PPA/anion
interaction. Moreover, CD and UV–Vis titration studies also
indicate the existence of the two interaction processes (association
and deprotonation) described above for the interactions between
the monomers and the TBAA salts. However, in the case of
polymers and depending on the PPA/TBAA pair, this interaction
may be limited to only the anion-anilide association or may
continue until deprotonation (see Fig. 4 for the results for poly-
( R ) −1 and SI for poly-( R ) −2 ). These results indicate that the
secondary structure adopted by the PPA plays an important role
in the pendant/anion interaction, altering its strength when3 






(a) Schematic representation of the two-step supramolecular interaction process (association/deprotonation) for the m-( R ) −1 /TBAF pair accompanied with a 
conformational change at m-( R ) −1 . b) UV–Vis studies and (c) CD studies of a m-( R ) −1 solution titrated with TBAF. (d) Conformational change at m-( R ) −1 by 
interaction with different TBAA salts ( A = N 3 − , CN −, CH 3 CO 2 − and C 6 H 5 CO 2 −). (e) UV–Vis and (f ) CD studies of a m-( R ) −1 solution titrated with TBACN. [m-( R ) −1 ] = 
3.772 •10 −4 M in dry THF, [TBAA] = 0.382 M in dry THF. 
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Colorimetric changes associated to the different PPA/TBAA pairs [TBAA = 
tetrabutylammonium anion salts; A = N 3 − (azide), CN − (cyanide), CH 3 CO 2 −












































compared with the parent monomer/anion interaction [54-
57] . To corroborate these hypotheses, another two PPAs were
prepared, poly- 3 and poly- 4 , which bear the 4-ethynylanilides
of trifluoroacetic acid and tert–butyl hydrogen carbonate as
pendant groups respectively and that are not chiral (Figure S3 and
S15). Therefore, these PPAs are axially racemic. These monomers
and polymers were designed to study both the role of electron
withdrawing groups in the anion-PPA interaction and the role
of the cation size in its colorimetric detection, which showed as
expected the role of the PPA secondary structure in the pendant
anion/interaction. 
In the case of poly-( R ) −1 , different chiroptical responses
are produced during the formation of the poly-( R ) −1 /TBAA




























T = 0 ºC
5.0 equiv of TBA+F-
or TBA+CN-
Chiral Amplification











































(a) P helix induction in poly-( R ) −1 by addition of 5.0 equiv of TBAA ( A = fluoride or 
( A = acetate, benzoate or azide). (c) Elongation and P helix induction in poly-( R ) −1 by
equiv of TBAA ( A = fluoride or cyanide) at 0 °C. [poly-( R ) −1 ] = 0.1 mg/mL dry THF, [Tor cyanide salts were added to poly-( R ) −1 [poly-( R ) −1 /TBAF
or TBACN in 1.0/5.0 (mol/mol) ratios] a 30 nm bathochromic
shift was observed in the band centered at 290 nm. This shift
is produced by the complexation between the anilide groups
in the pendants with the F − or CN − anions (See Fig. 4 a for
poly-( R ) −1 /TBAF and SI for the other polymers). In addition,
this interaction induces a P helical sense excess in poly-( R ) −1 ,
manifested by a positive polyene Cotton band [CD 410 ( + )]
associated to the ap conformations at the pendants. Interestingly,
when acetate (CH 3 CO 2 −), benzoate (C 6 H 5 CO 2 −) and azide (N 3 −)
were added as TBA salts to dry THF solutions of poly-( R ) −1 in
1.0/5.0 (mol/mol) ratios, the resulting anilide/anion association
forced the polymer chain to adopt an excess of the M helical
sense [CD 410 (-)], as opposed to the P helical sense induced
by fluoride and cyanide (see Fig. 4 b for poly-( R ) −1 /TBAOAc
and SI for the rest). The formation of this supramolecular
anilide/anion aggregate was corroborated by different NMR
experiments —1 H NMR, Diffusion Ordered Spectroscopy (DOSY),
Saturation-Transfer Difference (STD) and Nuclear Overhauser
Effect Spectroscopy (NOESY) (See SI for details), which confirmed
that these two components —poly-( R ) −1 and TBAOAc —form
a sole entity in solution. Thus, poly -(R) −1 acts as a chiroptical
switch able to distinguish not only the presence of anions in
solution, but also to classify them by the helical sense excess
adopted by the polymer. 
This property is not observed in its parent monomer —where
all the anions produced the same conformational change from
ap to sp — and indicates the importance of the cooperative effects
triggered on the helix of the polymer by the anions. 
Increasing the amounts of TBAA salts in the poly-( R ) −1
solutions —poly-( R ) −1 /TBAA 1/ > 50 (mol/mol) ratio —, the

















5.0 equiv of TBA+CH3CO2- ,
TBA+CH6CO2-  or TBA+N3- 
Chiral Amplification









































T = 22 ºC
c)
T = 60 ºC
cyanide). (b) M helix induction in poly-( R ) −1 by addition of 5.0 equiv of TBAA 
 addition of 45.0 equiv of TBAA ( A = acetate, benzoate or azide) at rt or (d) 40.0 
BAA] = 100 mg/mL dry THF. 
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isualized by a strong color change from yellow to red in the
olymer solution, accompanied by a large bathochromic shift 
c.a. 150 nm) of the polyene band in the UV–Vis spectra that is
ndicative of a lengthening of the polyene backbone ( Fig. 4 c, d). To
arry out the deprotonation of the anilide group it is necessary to
ork in dry conditions, otherwise the water present in the solvent
ill protonate the anilide, recovering the supramolecular anilide- 
nion interaction. 
Moreover, the CD spectra of these mixtures show a first
ositive Cotton effect, coherent with a stretched P helical structure
 Fig. 4 and SI) that is common to all the poly-( R ) −1 /TBAA pairs.
nterestingly, this poly-( R ) −1 color change from yellow to red was
ound to be very sensitive to temperature. 
.4 Colorimetric thermometer based on poly-( R ) −1 /TBAA pairs 
otivated by these results, the evolution with temperature of all
he poly-( R ) −1 /TBAA pairs was studied in a 1/50 (mol/mol) ratio.
For instance, in the case of the poly-( R ) −1 /TBAOAc system,
he color change takes place at 25 °C, while for the poly-
 R ) −1 /TBAF pair, a temperature close to 0 °C is needed to observe
t ( Fig. 4 c-d). During these experiments, it was found that only
he poly-( R ) −1 /TBAOAc and poly-( R ) −1 /TBAOBz pairs produce
ed (deprotonated) solutions at room temperature, while poly-  
 R ) −1 /TBAN 3 , poly-( R ) −1 /TBAF and poly-( R ) −1 /TBACN remain
ellow (anilide/anion aggregate). Heating or cooling the solutions 
from 60 to 10 °C) revealed that the transition temperature from
ed to yellow is different for each poly-( R ) −1 /TBAA pair ( Figs. 5
or poly-( R ) −1 /TBAOAc, and poly-( R ) −1 /TBAF, see S36–37 for the
est). 
Thus, while the color transition temperature of the poly- 
 R ) −1 /TBAOAc pair is 55.3 °C ( Fig. 5 a), the color changes in
oly-( R ) −1 /TBAOBz, poly-( R ) −1 /TBAN 3 , poly-( R ) −1 /TBAF and
oly-( R ) −1 /TBACN are produced at 38.7 °C, 5.6 °C, 3.7 °C and 3.5
C respectively ( Figs. 6 a and 5 b for poly-( R ) −1 /TBAF). To evaluate
he capabilities of these systems as colorimetric thermometers, 
dditional TBAA salts containing ( L )- t -BuO-prolinate, ( L )-
 -BuO-valinate, ( R ) −2-phenylbutanoate, ( R )- α–methoxy- α- 
henylacetate or ( L )- t -BuO-alaninate were incorporated into 
he study. The results presented in Fig. 6 a clearly show that each
oly-( R ) −1 /TBAA system has a characteristic and easily visualized
eprotonation temperature (See SI for details). 
The deprotonation of the anilide group and the colorimetric 
esponse of the PPA in solid state (film) were also tested for a
oly-( R ) −1 /TBAOAc pair in a 1/50 (mol/mol) ratio, obtaining that
n vacuum (absence of water vapor), the film is red in color,
hile at atmospheric pressure the film turns yellow due to the
































poly-(R)-1/TBAA 1/50 (mol/mol) ratio
poly-(R)-1/TBAA (A= AcO- or BzO-)







(a) Deprotonation temperature of the anilide group in different poly- 
( R ) −1 /TBAA pairs in 1/50 (mol/mol) ratios. (b) Deprotonation/protonation 
equilibrium of a poly-( R ) −1 /TBAA film in a 1/50 (mol/mol) ratio induced by the 




























































(a) CD and (b) UV–Vis spectra showing the deprotonation of poly-( R ) −1 by different
THAOAc —. (c) Size effect of the tetraalkylammonium counterions in the deprotonaprotonation of the anilide group by the water present in the air.
This process is reversible and can be shifted to red or yellow by
placing the sample under vacuum or under atmospheric pressure
( Fig. 6 b). 
From a structural point of view, it is interesting to note that
once poly-( R ) −1 is deprotonated by a TBAA salt that produces
a red solution, a very similar stretched P helix (positive CD 550 )
is adopted in all cases, regardless of the excess of P or M
helical sense adopted by the poly-( R ) −1 /TBAA complex in the
associated state —poly-( R ) −1 /TBAOAc, TBAOBz and TBAN 3 pairs
present a compressed M helix while poly-( R ) −1 /TBAF and poly-
( R ) −1 /TBACN adopt a compressed P helix— ( Figs. 5 , 6 and SI).
Hence, while the nature of the anion plays an important role
in the helical sense enhancement of poly-( R ) −1 towards P or
M helices by formation of an anilide/anion complex (yellow),
the nature of the anion is no longer important once the anilide
group is deprotonated (red). At this point, the helix induced
by all TBAA salts is the same (stretched P helix), and different
from the previous one, indicating that at this time, the anion
has no relevance in the helical induction of the deprotonated
poly-( R ) −1 . 
The similar structure adopted by poly-( R ) −1 independently of
the TBAA salt used to deprotonate the anilide group led us to
focus our attention on the mechanism of deprotonation and the


























 TAAA salts in 1/50 (mol/mol) ratios —poly-( R ) −1/ TPrAOAc, TBAOAc, TPAOAc, 
tion process of a PPA bearing anilide groups. 
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.5 The role of the tetralkylammonium group in the colorimetric 
esponse of poly-(R) −1 with different tetraalkylammonium 
nion (TAA) salts 
uring deprotonation, the polymer becomes a polyanion with 
BA + as the counterion, coexisting in solution with the 
rotonated form of the anion used as base, which is now inert
o the PPA. Thus, the helical stretching of the PPA backbone
ould only be caused either by the repulsive forces between the
egative charges found within the polymer structure, or by the
elease of the steric hindrance in the helix scaffold during the
ccommodation of the TBA + groups, which are placed close to
he negative charges of the polymer. 
To elucidate which of these two factors affect the 
longation of poly-( R ) −1 during the deprotonation process,
etraalkylammonium acetate salts (TAAOAc) of different 
izes (alkyl chains with different lengths) were used to 
eprotonate the PPA −tetrapropylammonium (TPrAOAc), 
etrabutylammoniun (TBAOAc), tetrapentylammonium 
TPAOAc) and tetrahexylammonium (THAOAc) −. Dry THF 
olutions of these salts were added to different vials containing
olutions of poly-( R ) −1 in dry THF until reaching poly-
 R ) −1 /TAAOAc 1/50 (mol/mol) ratios. In these conditions,
ll the TAAOAc were able to deprotonate the anilide group and
nduce an elongated P helix in poly-( R ) −1 ( Fig. 7 a). 
Interestingly, the stretching of the polyene band and the 
olor of the solution depends on the TAA salt used. Thus, while
he TAAOAc salt bearing the shortest alkyl chain (i.e.,TPrAOAc) 
nduces the smallest bathochromic shift in poly-( R ) −1 , the one
hat has the largest alkyl chain (i.e., THAOAc) produces the
ighest bathochromic shift of the polyene band ( Fig. 7 b). 
Similar results were obtained for the TAAA series containing 
uoride as anion (Figure S45). Moreover, analogous experiments 
ere carried out for poly-( R ) −2 , obtaining a similar trend for the
longation of the polyene backbone with the size of the cations
Figure S46). 
These results suggest that the elongation of the polymer 
ollowing anilide deprotonation is determined by the need to 
ccommodate the cations at a short distance from the anionic
enters in the helical scaffold and where the generated steric
indrance is released by elongation of the helix ( Fig. 7 c). 
 Conclusions 
n conclusion, we have demonstrated that a multi-switch 
chiroptical and colorimetric— can be obtained from the 
nteraction of a PPA bearing the 4-ethynylanilide of the ( R )-
–methoxy- α-phenylacetic acid —poly-( R ) −1 — as pendant with
ifferent TBAA salts. Thus, at low concentrations of the TBAA salts,
 supramolecular interaction between the anilide group in the 
endant and the anion of the salt produces a chiroptical switch
hat induces an excess of either a P or M screw sense in the PPA
ccording to the nature of the anion —M helix induced by OAc −,
Bz − and N 3 −; P helix induced by F − and CN −—. 
Larger additions of TBAA salts to a dry solution of poly-
 R ) −1 in THF led to deprotonation of the polymer in all cases
y playing with temperature. The anions containing carboxylate 
roups (TBAOAc, TBAOBz), deprotonate the anilide group at room 
emperature. These results differ from those obtained for the  
orresponding monomer, where fluoride is the only one capable 
f deprotonating m-( R ) −1 at room temperature. This fact clearly
hows the key role that the helix plays in modulating the acidity
f the anilide group. 
Furthermore, the different temperatures required to 
eprotonate poly-( R ) −1 with the different TBAA salts allow
he creation of a colorimetric thermometer based on these 
ystems. These color changes also occur in the film state for a
oly ( R ) −1 /TBAOAc pair when the sample is placed under either
acuum or atmospheric pressure, leading to a color change from 
ed to yellow induced by the absence/presence of water vapor. This
hange in color from yellow to red, induced by the deprotonation
f the anilide group, is associated in all cases with the generation
f a stretched P helix, where the elongation of the polymer is
ue to the accommodation of the tetrabutylammonium cation in 
he helical structure close to the deprotonated anilide group. The 
egree of elongation produced in the PPA can also be controlled
y playing on the size of the tetraalkylammonium group, which 
lso affects the color produced in the polymer solution. 
These studies were corroborated with three other PPAs carrying 
nilide groups, poly-( R ) −2 , poly- 3 and poy- 4 ), confirming
n all cases the two-step interaction process —association, 
eprotonation— between the anions and the polymer (See 
I). Interestingly, while in all the monomers tested, the 
ssociation/deprotonation process is favored for the fluoride, in 
he corresponding polymers, the pendant/anion interaction is 
ediated by the helical structure of the PPA. This fact makes that
ther anion such as OAc or OBz become more sensitive in case of
oly-( R ) −1/anion interactions. 
Therefore, these colorimetric and chiroptical switches are 
ependent on the PPA, the nature of the anion, and the size of
he salt cation. This work is an illustrative example of how the
wo components of a salt can play an important role in the helical
nduction of a PPA and can also shed light on how to approach
timuli-responsive studies of other systems with unknown helix 
nduction mechanisms. 
 Methods 
.1 Chiral stwiches based on m-( R ) −1 /TBAA salts 
he ability of m-( R ) −1 to recognize anions was monitored by CD
nd UV–Vis. Thus, solutions of 0.1 mg/mL of the corresponding 
onomers in anhydrous THF were measured in the presence of 
ifferent concentrations of tetra- n -butylammonium (TBA) salts 
erived from CH 3 CO 2 −, C 6 H 5 CO 2 −, N 3 −, CN −, F −, Cl −, Br −,
SO 4 − and ClO 4 − anions. TBA salts were dried for 12 h. at 50 °C
nder high vacuum. Then, these salts were dissolved in anhydrous 
HF and dried for 12 h. with molecular sieves before testing. 
.2 Preparation of chiral and colorimetric switches based on 
oly-( R ) −1 /TBAA salts 
he stimuli-responsive behavior of poly-( R ) −1 to recognize anions
as monitored by CD and UV–Vis. Thus, solutions of 0.1 mg/mL
f poly-( R ) −1 in anhydrous THF were measured in the presence
f different concentrations of tetra- n -butylammonium (TBA) salts. 
BA salts were dried for 12 h at 50 °C under high vacuum were
ried for 12 h at 50 °C under high vacuum. Then, these salts were
issolved in anhydrous THF and dried for 12 h with molecular






































































































sieves before testing. The deprotonation of the acidic proton of
the anilide group and the color change take place at different
temperatures depending on the poly-( R ) −1 /TBAA pair (Figures
S21 and S36). CD spectra and the graphic representation of the
decreasing of the Cotton Effect intensity (522 nm) were recorded
at different temperatures. 
4.3 Development of a colorimetric thermometers based on 
different poly-( R ) −1 /TAAOAc and poly-( R ) −1 /TAAF pairs 
Solutions of poly-( R ) −1 (0.1 mg/mL, THF) in the
presence of 50.0 equiv of acetate anions with different
counterion sizes such as tetrapropylammonium (TPrAOAc),
tetrabutylammoniun (TBAOAc), tetrapentylammonium
(TPAOAc) and tetrahexylammonium (THAOAc) (100 mg/mL,
THF). CD and UV–Vis studies were carried out, observing a
colorimetric change from yellow (polymer solution) to dark red
(polymer solution in the presence of the largest counterion)
(Figure S45). 
SUPPLEMENTARY MATERIALS 
Supplementary material associated with this article can be
found, in the online version. 
Declaration of Competing Interest 
The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to
influence the work reported in this paper. 
Acknowledgement 
Financial support from MINECO ( PID2019-109733GB-I00 ), Xunta
de Galicia ( ED431C 2018/30 ; Centro singular de investigación de
Galicia accreditation 2016–2019, ED431G/09 and the European
Regional Development Fund (ERDF) is gratefully acknowledged.
We also thank Servicio de Nanotecnología y Análisis de Superficies
(CACTI, UVIGO). 
Supplementary materials 
Supplementary material associated with this article can be found,
in the online version, at doi:10.1016/j.giant.2021.100068 . 
References 
[1] E. Yashima , N. Ousaka , D. Taura , K. Shimomura , T. Ikai , K. Maeda , Supramolecular
Helical Systems: helical Assemblies of Small Molecules, Foldamers, and Polymers
With Chiral Amplification and Their Functions, Chem. Rev. 116 (2016)
13752–13990 . 
[2] E. Yashima , K. Maeda , Y. Furusho , Single- And Double-Stranded Helical Polymers:
synthesis, Structures, and Functions, Chem. Res. 41 (2008) 1166–1180 . 
[3] E. Yashima , K. Maeda , H. Lida , Y. Furusho , K. Nagai , Chem. Rev. 109 (2009)
6102–6211 . 
[4] J. Liu , J.W.Y. Lam , B.Z. Tang , Helical Polymers: synthesis, Structures, and
Functions, Chem. Rev 109 (2009) 5799–5867 . 
[5] T. Ikai , K. Mizumoto , R. Ishidate , W.R. Kitzmann , R. Ikeda , C. Yokota , K. Maeda ,
E. Yashima , Giant 2 (2020) 100016 . 
[6] B.M. Rosen , C.J. Wilson , D.A. Wilson , M. Peterca , M.R. Imam , V. Percec ,
Dendron-mediated Self-Assembly, Disassembly, and Self-Organization of
Complex Systems, Chem. Rev. 109 (2009) 6275–6540 . 
[7] C.I. Simionescu , V. Percec , S. Dumitrescu , Polymerization of acetylenic
derivatives. XXX. Isomers of polyphenylacetylene, J. Polym. Sci. Polym. Chem
15 (1977) 2497–2509 Ed. . 
[8] C.I. Simionescu , V. Percec , Thermal cis–trans isomerization of
cis–transoidal polyphenylacetylene, J. Polym. Sci. Polym. Chem. Ed. 18 (1980)
147–155 . 
[9] C.I. Simionescu , V. Percec , Polyarylacetylenes: structure and properties, J. Polym.
Sci., C Polym. symp. 67 (1980) 43–71 . [10] S. Dumitrescu , V. Percec , C.I. Simionescu , Polymerization of acetylenic
derivatives. XXVII. Synthesis and properties of isomeric poly- N -ethynylcarbazole,
J. Polym. Sci. Polym. Chem. Ed. 15 (1977) 2893–2907 . 
[11] J. Kunzler , V. Percec , Living polymerization of aryl substituted acetylenes by
MoCl 5 and WCl 6 based initiators: the ortho phenyl substituent effect, J. Polym.
Sci. A Polym. Chem. 28 (1990) 1221–1236 . 
[12] V. Percec , M. Obata , J.G. Rudick , B.B. De , M. Glodde , T.K. Bera , S.N. Magonov ,
V.S.K. Balagurusamy , P.A Heiney , Synthesis, structural analysis, and visualization
of poly(2-ethynyl-9-substituted carbazole)s and poly(3-ethynyl-9-substituted
carbazole)s containing chiral and achiral minidendritic substituents, J. Polym.
Sci. A Polym. Chem. 40 (2002) 3509–3533 . 
[13] V. Percec , M. Peterca , J. Rudick , E. Aqad , M. Imam , P. Heiney , Self-Assembling
Phenylpropyl Ether Dendronized Helical Polyphenylacetylenes, Chem. – Eur. J.
13 (2007) 9572–9581 . 
[14] V. Percec , J.G. Rudick , M. Peterca , M. Wagner , M. Obata , C.M. Mitchell ,
W.-.D. Cho , V.S.K. Balagurusamy , P.A. Heiney , Thermoreversible Cis −Cisoidal
to Cis −Transoidal Isomerization of Helical Dendronized Polyphenylacetylenes,
J. Am. Chem. Soc. 127 (43) (2005) 15257–15264 . 
[15] V. Percec , J.G. Rudick , M. Peterca , P.A. Heiney , Nanomechanical Function from
Self-Organizable Dendronized Helical Polyphenylacetylenes, J. Am. Chem. Soc.
130 (23) (2008) 7503–7508 . 
[16] E. Schwartz , M. Koepf , H.J. Kito , R.J.M. Nolte , A.E. Rowan , Helical
poly(isocyanides): past, present and future, Polym. Chem. 2 (2011) 33–47 . 
[17] E. Anger , H. Iida , T. Yamaguchi , K. Hayashi , D. Kumano , J. Crassous ,
N. Vanthuyne , C. Rousselc , E. Yashima , Synthesis and chiral recognition ability
of helical polyacetylenes bearing helicene pendants, Polym. Chem. 5 (2014)
4909–4914 . 
[18] H. Iida , M. Miki , S. Iwahana , E. Yashima , Riboflavin-based Fluorogenic Sensor for
Chemo- And Enantioselective Detection of Amine Vapors, Chem. Eur. J. 20 (2014)
4257–4262 . 
[19] R. Rodríguez , E. Suárez-Picado , E. Quiñoá, R. Riguera , F. Freire , A
Stimuli-Responsive Macromolecular Gear: interlocking Dynamic Helical
Polymers with Foldamers, Angew. Chem. Int. Ed. 59 (2020) 8616–8622 . 
[20] S. Sakurai , K. Okoshi , J. Kumaki , E. Yashima , Two-dimensional Surface Chirality
Control by Solvent-Induced Helicity Inversion of a Helical Polyacetylene on
Graphite, J. Am. Chem. Soc. 128 (2006) 5650–5651 . 
[21] K. Okoshi , S. Sakurai , J.K. Ohsawa , E. Yashima , Control of Main-Chain Stiffness
of a Helical Poly(phenylacetylene) by Switching on and Off the Intramolecular
Hydrogen Bonding Through Macromolecular Helicity Inversion, Angew. Chem.
Int. Ed. 45 (2006) 8173–8176 . 
[22] D. Pijper , M.G.M. Jongejan , A. Meetsma , B.L. Feringa , Light-controlled
Supramolecular Helicity of a Liquid Crystalline Phase Using a Helical Polymer
Functionalized With a Single Chiroptical Molecular Switch, J. Am. Chem. Soc.
130 (2008) 4541–4552 . 
[23] B.L. Feringa , In Control of Motion: from Molecular Switches to Molecular Motors,
In. Acc. Chem. Res. 34 (2001) 504–513 . 
[24] P. Thodupunuri , S. Katukuri , K.V. Ramakrishna , G. Sharma , A.C. Kunwar ,
A. Sarma , H. Hofmann , Solvent-Directed Switch of a Left-Handed 10/12-Helix
Into a Right-Handed 12/10-Helix in Mixed β-Peptides, J. Org. Chem. 82 (2017)
2018–2031 . 
[25] E. Suárez-Picado , E. Quiñoá, R. Riguera , F. Freire , Poly(phenylacetylene) Amines:
a General Route to Water-Soluble Helical Polyamines, Chem. Mater. 30 (2018)
6908–6914 . 
[26] E. Suárez-Picado , E. Quiñoá, R. Riguera , F. Freire , Chiral Overpass Induction in
Dynamic Helical Polymers Bearing Pendant Groups With Two Chiral Centers,
Angew. Chem. Int. Ed. 59 (2020) 4537–4543 . 
[27] Z. Fernández , B. Fernández. E. Quiñoá, R. Riguera , F. Freire , Chiral
information harvesting in helical poly(acetylene) derivatives using
oligo(p-phenyleneethynylene)s as spacers, Chem. Sci 11 (2020) 7182–7187 . 
[28] K. Shimomura , T. Ikai , S. Kanoh , E. Yashima , K. Maeda , Switchable
enantioseparation based on macromolecular memory of a helical polyacetylene
in the solid state, Nat. Chem. 6 (2014) 429–434 . 
[29] S. Arias , F. Freire , E. Quiñoá, R. Riguera , Nanospheres, Nanotubes, Toroids, and
Gels with Controlled Macroscopic Chirality, Angew. Chem. Int. Ed. 153 (2014)
13720–13724 . 
[30] S. Arias , F. Freire , E. Quiñoá, R. Riguera , The leading role of cation–π interactions
in polymer chemistry: the control of the helical sense in solution, Polym. Chem.
6 (2015) 4725–4733 . 
[31] S. Arias , M. Núñez-Martínez , F. Freire , E. Quiñoá, R. Riguera , Simultaneous
Adjustment of Size and Helical Sense of Chiral Nanospheres and Nanotubes
Derived from Axially Racemic Poly(phenylacetylene)s, Small 13 (2017)
1602398–1602405 . 
[32] S. Arias , M. Núñez-Martínez , F. Freire , E. Quiñoá, R. Riguera , A general route to
chiral nanostructures from helical polymers:: P /M switch via dynamic metal
coordination, Polym. Chem. 8 (2017) 3740–3745 . 
[33] S. Arias , J. Bergueiro , F. Freire , E. Quiñoá, R. Riguera , Chiral Nanostructures
from Helical Copolymer–Metal Complexes: tunable Cation–π Interactions and
Sergeants and Soldiers Effect, Small 12 (2016) 238–244 . 9 










































34] F. Freire , J.M. Seco , E. Quiñoá, R. Riguera , Nanospheres with Tunable Size and
Chirality from Helical Polymer–Metal Complexes, J. Am. Chem. Soc. 134 (2012)
19374–19383 . 
35] F. Freire , J.M. Seco , E. Quiñoá, R. Riguera , Chiral Amplification and Helical-Sense
Tuning by Mono- and Divalent Metals on Dynamic Helical Polymers, Angew.
Chem. Int. Ed. 50 (2011) 11692–11696 . 
36] S. Leiras , F. Freire , J.M. Seco , E. Quiñoá, R. Riguera , Controlled modulation of the
helical sense and the elongation of poly(phenylacetylene)s by polar and donor
effects, Chem. Sci. 4 (2013) 2735–2743 . 
37] S. Leiras , F. Freire , E. Quiñoá, R. Riguera , Reversible assembly of enantiomeric
helical polymers: from fibers to gels, Chem. Sci. 6 (2015) 246–253 . 
38] R. Sakai , E.B. Barasa , N. Sakai , S.I. Sato , T. Satoh , T. Kakuchi , Colorimetric
Detection of Anions in Aqueous Solution Using Poly(phenylacetylene) 
with Sulfonamide Receptors Activated by Electron Withdrawing Group, 
Macromolecules 45 (2012) 8221–8227 . 
39] R. Sakai , N. Sakai , T. Satoh , W. Li , A. Zhang , T. Kakuchi , Strict Size Specificity in
Colorimetric Anion Detection Based on Poly(phenylacetylene) Receptor Bearing 
Second Generation Lysine Dendrons, Macromolecules 44 (2011) 4249–4257 . 
40] R. Sakai , S. Okade , E.B. Barasa , R. Kakuchi , M. Ziabka , S. Umeda , K. Tsuda , T. Satoh ,
T. Kakuchi , Efficient Colorimetric Anion Detection Based on Positive Allosteric
System of Urea-Functionalized Poly(phenylacetylene) Receptor, Macromolecules 
43 (2010) 7406–7411 . 
41] Y. Qu , J. Hua , Y. Jiang , H. Tian , Novel side-chain naphthalimide
polyphenylacetylene as a ratiometric fluorescent chemosensor for fluoride 
ion, J. Polym. Sci., Part A: Polym. Chem. 47 (2009) 1544–1552 . 
42] R. Kakuchi , S. Nagata , Y. Tago , R. Sakai , I. Otsuka , T. Satoh , T. Kakuchi , Efficient
Anion Recognition Property of Three Dimensionally Clustered Amide Groups 
Organized on a Poly(phenylacetylene) Backbone, Macromolecules 42 (2009) 
1476–1481 . 
43] R. Kakuchi , T. Kodama , R. Shimada , Y. Tago , R. Sakai , T. Satoh , T. Kakuchi , Optical
and Chiroptical Output of Anion Recognition Event Using Clustered Sulfonamide
Groups Organized on Poly(phenylacetylene) Backbone, Macromolecules 42 
(2009) 3892–3897 . 
44] R. Kakuchi , S. Nagata , R. Sakai , I. Otsuka , H. Nakade , T. Satoh , T. Kakuchi ,
Size Specific , Colorimetric Detection of Counteranions by Using Helical 
Poly(phenylacetylene) Conjugated to L Leucine Groups through Urea Acceptors, 
Chem. Eur. J. 14 (2008) 10259–10266 . 
45] R. Kakuchi , R. Shimada , Y. Tago , R. Sakai , T. Satoh , T. Kakuchi , Pendant
Structure Governed Anion Sensing Property for Sulfonamide-Functionalized 
Poly(phenylacetylene)s Bearing Various α-Amino Acids, J. Polym. Sci., Part A:
Polym. Chem. 48 (2010) 1683–1689 . 0 46] R. Kakuchi , Y. Tago , R. Sakai , T. Satoh , T. Kakuchi , Effect of the pendant structure
on anion signaling property of poly(phenylacetylene)s conjugated to α-amino 
acids through urea groups, Macromolecules 42 (2009) 4430–4435 . 
47] R.C. Gupta , A. Rashid , S.S. Razi , P. Srivastava , S.K. Dwivedi , A. Misra , Synthesis
and Application of a New Class of d- π -A Type Charge Transfer Probe Containing
Imidazole-Naphthalene Units for Detection of F- and CO 2 , RSC Adv. 7 (2017)
4941–4949 . 
48] S. Pangannaya , M. Mohan , D.R. Trivedi , Colorimetric and fluorometric turn-on
sensor for selective detection of fluoride ions: sol-gel transition studies and 
theoretical insights, New J. Chem. 42 (2018) 10406–10413 . 
49] P. Ghosh , B.G. Roy , S. Jana , S.K. Mukhopadhyay , P. Banerjee , Colorimetric and
fluorimetric response of Schiff base molecules towards fluoride anion, solution 
test kit fabrication, logical interpretations and DFT-D3 study, Phys. Chem. Chem. 
Phys. 17 (2015) 20288–20295 . 
50] A.R. Chowdhury , P. Ghosh , B.G. Roy , S.K. Mukhopadhyay , P. Mitra , P. Banerjee , A
simple and dual responsive efficient new Schiff base chemoreceptor for selective 
sensing of F − and Hg 2 + : application to bioimaging in living cells and mimicking
of molecular logic gates, RSC Adv. 5 (2015) 62017–62023 . 
51] P. Ghosh , B.G. Roy , S.K. Mukhopadhyay , P. Banerjee , Recognition of fluoride
anions at low ppm level inside living cells and from fluorosis affected tooth and
saliva samples, RSC Adv. 5 (2015) 27387–27392 . 
52] U. Manna , S. Kayal , B. Nayak , G. Das , Systematic size mediated trapping of anions
of varied dimensionality within a dimeric capsular assembly of a flexible neutral
bis-urea platform, Dalt. Trans. 46 (2017) 11956–11969 . 
53] S.K. Gosh , M. Ishida , J. Li , W.-.Y. Cha , V.M. Lynch , D. Kim , J.-.L. Sessler , Synthesis
and Anion Binding Studies of O-Phenylenevinylene-Bridged Tetrapyrrolic 
Macrocycle as an Expanded Analogue of Calix[4]Pyrrole, Chem. Commun. 50 
(2014) 3753–3756 . 
54] Z. Shen , Y. Jiang , T. Wang , M. Liu , Symmetry Breaking in the Supramolecular Gels
of an Achiral Gelator Exclusively Driven by π–π Stacking, J. Am. Chem. Soc. 137
(2015) 16109–16115 . 
55] Y.X. Li , L. Xu , S.M. Kang , L. Zhou , N. Liu , Z.-Q. Wu , Helicity- and
Molecular-Weight-Driven Self-Sorting and Assembly of Helical Polymers towards 
Two-Dimensional Smectic Architectures and Selectively Adhesive Gels, Angew. 
Chem. Int. Ed. 60 (2021) 7174–7179 . 
56] H. Zhu , S. Luo , Z.-Q. Wu , Living and enantiomer-selective polymerization of
allene initiated by Ni complex containing chiral phosphine, Chin. Chemical Lett. 
30 (2019) 153–156 . 
57] L. Zhou , X.-.H. Xu , Z.-.Q. Jiang , L. Xu , B.-.F. Chu , N. Liu , Z.-.Q. Wu , Selective
Synthesis of Single-Handed Helical Polymers from Achiral Monomer and a 
Mechanism Study on Helix-Sense-Selective Polymerization, Angew. Chem. Int. 
Ed. 60 (2021) 806–812 . 
